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ABSTRACT 


Although several studies considering the applica- 
tion of submarine ship concepts in maritime com- 
merce have been made from time to time, there has 
been no commercial attraction to induce develop- 
ment or prototype construction of a submarine cargo 
ship. It was, and continues to be, true today that 
the greatest commercial incentive for submarine 
cargo ships is in their use on special routes where 
surface ships cannot be used or their transits are 
at low speeds and with extreme difficulty. 


The nuclear propelled submarine, as a cargo vessel 
for transport of Arctic crude oil, is discussed as 
| an element of a subsea transport system. The sub- 
marine is presented as technically feasible and the 
| paper concludes such a subsea system to be econo- 
mically competitive with other transport modes for 
delivery of Northern Alaskan and Canadian Arctic 
crudes to North Atlantic and European markets. 


INTRODUCTION 


Several investigators have demonstrated the tech- 
nical feasibility of commercial submarine cargo 
vessels. It is interesting that they were all 
completed between 1957 and 1960. 


The submarine, traditionally a weapon in most of 
the world's naval arsenals since the turn of the 
century, has until recent years remained tech- 

_ nhically obscure and mysterious to the public and 
_ business community. Labeled the "silent service" 
because it was fitting to the tactical and stra- 

tegic missions of a military submarine, this 
Silence by association seems to have prevaded the 
designer, shipbuilders and operators. 


What was needed to exploit the potential of the 
subsea transport concepts was a new element in 
the environment hostile to the normal surface modes 
before economic parity or advantages could accrue. 
Several authors were prophetic in their work in 

the late 50's, alluding to the possibility that sub- 
marine navigation under the Polar Ice Cap and 

having access to regions (ice cover) not accessible 
to surface ships might prove advantageous from a 
commercial viewpoint. 


There is nothing new in the submarine ship con- 
cept. Submarines have been built by most of the 
world's Navies for years and, unquestionably, the 
military submarine has reached a high level of 
engineering performance and is highly efficient for 
its assigned tasks. 


_References and illustrations at end of paper. 
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SUBSEA TRANSPORT OF ARCTIC OIL 


ARCTIC OIL CHALLENGE 


The oil exploration activities in the Arctic Basin 
are both historical and current. Arctic oil dis- 
coveries at Prudhoe Bay, Alaska and Atkinson Point, 
N.W.T. focused a full spectrum of interests and, in 
particular, the interest of the marine associated 
industry. To dwell on the hostility of polar re- 
gions to man and machines or the problems of marine 
transport in the Arctic is not appropriate here. 
What is important to the marine entrepreneur is 
assessment of the potential for opportunity con- 
sidering all facets of commercial exploitation in 

a new and different environment. 


Contemplation of transportation activity in the 
Arctic marine environs suggests the following con- 
siderations as fundamental: 


Economically competitive recovery of this 
(oil) natural resource and transportation 

of the oil from the vast seemingly in- 
accessible ice-bound wasteland of the Arctic 
or sub-Arctic regions to refinery and market- 
place imposes challenges or formidable prob- 
lems depending on one's point of view. 


The obvious key to commercial development 
or exploitation of natural resources of 
the Arctic or sub-Arctic regions lies in 
the economic access to the area. 


The Arctic's hostile environment and geo- 
graphy combine to make it one of the least 
accessible areas in the world to conven- 
tional means of bulk transport. 


From the standpoint of economics, trans- 
portation of bulk oil cargo by surface 
ship will probably remain the cheapest 
for the delivery of seasonal bulk cargo. 
The word seasonal is extremely important. 


If year round transportation of crude oil 

in bulk from Alaskan or Canadian Arctic 
Island wellheads to North Atlantic refineries 
is required on a scheduled basis, the sub- 
marine tanker would be an attractive alter- 
native to traditional means of moving oil, 
i.e., pipelines and surface tankers. 


Presence of formidable concentrations of sea ice 
offers economically attractive incentive for 


utilization of a subsea transport system. To 
transport oil cargoes from North Slope Alaska to 
the open Atlantic Ocean, the submarine cruises 
below the ice canopy in a protected environment 
which is essentially stable and at constant temper- 
ature with but small variations throughout the en- 
tire route. It sails clear of ice, fog, wind, 
subfreezing temperature, storms and waves - exposed 
to a minimum of environmental hazards. Because 

of this, predictable and reliable schedules can be 
maintained year round. In contrast, the surface 
ship must literally force its way through from 
about 500 to 1000 miles of ice-covered seas, con- 
tinually challenging the environment. 


Technical credibility of the concept of nuclear 


Following the voyage of the U.S. Navy Submarine 
NAUTILUS over the top of the world in 1958, nuclea; 
submarine tracks have been historically etched on 
the North Polar maps, see Figure 1. They include 
submerged transit of the Northwest Passage and the 
Kennedy Channel (Nares Strait), adequately demon- 
strating polar under ice operating feasibility for 
subsea transport by technically similar though 
differently configured submarine tankers. 


Thus, in the particular instance of moving oil in 
the presence of ice, the submarine tanker presents 
@ viable third alternative to the other two tradj- 
tional alternatives, the pipeline and the surface 
tanker. In this situation, both would be burdeneq 
by difficulties and costs that did not exist in 


SUBMARINE TANKER 


Basic Considerations 

1. The basic parametric information summarized in 
reference (1), together with widely available 
technology associated with commercial nuclear 


technology upon which the submarine tanker is 
based. The significant difference between the 
MARAD designation S5N-Mal8a baseline submarine 
tanker of 20,000 DWT with a speed of 20 Kts 
(35,000 SHP) and the tanker proposed for Arctic 
crude oil service is size. 


Using oil industry projections of the reserves 
contained in the Alaskan North Slope oil fields 
(supply), Table I, and East Coast market po- 
tential (demand, Figure 2), speed, distance, 
ship capacity, and number of ships were opti- 
mized and a system capability selected. 


Results roughly equate to 150,000 DWT to 
300,000 DWG thruput (one ship) per day to 
the North Atlantic when reaching steady state 
with the field producing at full capacity. 
With the economic parameters and physical 
constraints established for the system, both 
submarine tanker sizes were evolved - a 170, 
000 (1,250,000 bbl) nominal DWI, the largest 
that could be built in existing shipyard 
facilities, and a 250,000 (1,800,000 bbl) DwT, 
judged by experience and model testing the 
largest that could transit Barrow Strait in 
the Perry Channel submerged. 


s 


General Arrangement 


The vessels are described as essentially a large 
rectangular ship hull with generous bilge and 
gunnel radii. The internal arrangement is sub- 
divided into cargo tanks or two types; main cargo 
tanks (MCT's) of capacity equal to the deadweight 
in salt water, and variable cargo tanks (VCT's) 
which, together with the main tanks, carry the 
desired deadweight of cargo. Located within the 
port and starboard center tanks are main ballast 


Submarines operating under ice has been establishes | | 


| 
| 4 
the temperate and tropical areas of the world. | 
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sanks (MBT'S). In the after end of the center 
indrical pressure hull are compartments con- 
ning living and control spaces, pumps and auxil- 
and propulsion machinery. Except for the 


-7l 


sai 


aries 
vet's and the free flooding ends of the ship, the 
werainder (including parts of the expansion tanks ) 


ts filled with cargo oil in the loaded condition 
snd seawater in the ballasted condition. 


pigure (3) is illustrative of a general arrangement 
snd is typical of several early preliminary designs 


ship characteristics for a 170,000 DWT and a 
250,000 DWI submarine tanker design are tabulated 


jn Table II. 


Propulsion 


che ships are twin screw, each driven by geared 
turbine propulsion trains - each plant developing 
37,500 SHP at the propeller for a total of 

15,000 SHP. 


‘steam is supplied by a 250 MW (thermal) PWR, pres- 
‘surized water reactor, similar in design to those 
presently in use for commercial electric power 
generation. 


‘propulsion by means other than nuclear was evaluat- 
ed but none of the non-air breathing systems are 
current "state of the art", and conventional diesel 
electric loses the advantage of bypassing the 
environment. 


Structure 


It is not unusual to construct a model to assist 
in the engineering analysis of the structural de- 
sign and to study manufacturing methods. A photo- 
graph of the 1/8" = 1 ft. structural model, 

Figure 4, exposes the structural features of the 
170,000 DWI design. The outer rectangular hull 
(exostructure) is longitudinally framed over 
transverse web frames and bulkheads not unlike 4 
conventional surface tanker. 


The ship is subdivided transversely by longi- 
tudinal bulkheads to provide four (4) MCT's; 

a port and starboard wing tank, and a port and 
starboard center tank. 


Manning and Habitability 


A preliminary manning study which analyzed the 
functions to be performed determined a crew 
sized at thirty-nine (39) men, could operate 
the ship. 


Habitability can be equal to or better than that 
provided seamen sailing in today's ships. In 
addition to individual staterooms for the crew, 

a library, a recreation room, and a hobby shop 
are planned for. An air management system con- 
trolling heating, air conditioning, ventilation 
and air purity make the crew spaces clean, quiet, 
and comfortable. 


Submarine Systems 
Ship Operation 


A simplified explanation may be used to show how 
differences between oil and water densities are 
compensated for in these designs. A typical cross 
section through the hull of the tanker is shown 
schematically in Figure 5; the left view depicting 
the loaded condition submerged. Most of the rec- 
tangular hull form (main cargo tanks) is filled 
with oil as are the variable pressure-resisting 
cargo tanks. All of the oil in the main cargo 
tanks would be at the ambient pressure of the 
outside seawater in this operating condition. The 
oil, being less dense than seawater, has a buoy- 
ant force (wants to float); therefore, the vessel 
must be heavy enough to maintain and operate at 
neutral buoyancy when fully loaded. This weight 
is largely in the hull steel and pressure-resis- 
ting structures and enables the ship to get to the 
operating depth without paying a heavy price in 
fixed ballast for it. The right view of Figure 5 
depicts the "in ballast" condition submerged. The 
main cargo tanks are filled with seawater. The 
variable cargo tanks are carried empty and at one 
atmosphere of pressure to support the weight of 
the ship. Briefly, the added buoyancy of these 
VCT's is necessary to support the weight of the 
ship when in the ballasted condition. It should 
be noted that, even though the same weight is 
carried, not as many barrels of seawater are 
carried as there is cargo oil. 


Submerging and surfacing operations are accom- 

plished by taking on or expelling seawater from 
MBT's (Main Ballast Tanks) just as the earliest 
submarines did - (as a matter of fact, in 1900, 
before the Wright Brothers flew at Kitty Hawk). 


Controlling attitude and depth is through the use 
of bow and stern planes not unlike the familiar con 


trol surfaces of WW II diesel electric submarines. 


Cargo Handling 
The shipboard cargo handling system for the sub- 


marine tanker is a self-campensating system. With 
this system, the ship's cargo tanks are always 
full of oil or full of water or some combination 


of the two. 


This type of system offers a number of advantages, 
among them; it allows the tanker to be loaded or 
off-loaded at a submerged terminal facility; if 
surface facilities are used, it allows the tanker 
to diver immediately upon leaving the ice-free 
facility area; it eliminates oil vapors in the 
cargo tanks, thus reducing the explosion hazards 
commonly associated with the handling of oil 
cargoes, and it reduces corrosion of cargo tank 
structures. . 

Perhaps the most important advantage is the high 
potential for this systemto prevent oil contamina- 
tion of the sea. 
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SUBSEA TRANSPORT OF ARCTIC OIL 


Several ways of handling oily ballast water are 
technically acceptable; however, some are not 
economically attractive. Some of these are: 


1. Cleaning tanks at the discharge terminal and 
filling cargo tanks with clean ballast water 
prior to returning to the Arctic loading 
terminal. 


As the oil being loaded displaces the ballast 
water return the dirty ballast through a 
pipeline to shore at the Arctic loading 
terminal. 


3. From the submerged loading terminal, re-inject 
the dirty ballast into the subterrain struc- 
tures through a drilled well pipe. 


Figure 6 shows a schematic diagram of the cargo 
system. On arrival at the loading terminal, the 
main cargo tanks are full of seawater. During 

the loading operation, cargo oil is forced into the 
top of each tank simultaneously by pumps at the 
terminal. The oil displaces the ballast water in 
the tanks, forcing ballast water from the bottom 
of the tanks to the sea. When the oil/water inter- 
face approaches the discharge strum, loading will 
be slowed and the ballast water passed into the 
expansion tank to allow separation to take place. 
Discharge to the sea is through a separate strum 
at the tank bottom. An oil/water separator is 
indicated for use in the final topping off pro- 
cess should large scale testing indicate the need. 


This water displacement principle is employed in 
the large oil storage tank and single point moor 
loading terminal located off Dubai in the Persian 
Gulf. 


Navigation and Piloting 


Because the submarine will be traveling underwater 
over 95% of presently contemplated routes and be- 
cause a minimum of 50% of the water on the route 
transited will be ice-covered, it cannot readily 
use some of the optical or radio frequency naviga- 
tion means which are available to ship operators 
on the surface. Other methods of navigation, 
which are peculiar to submerged operation, there- 
fore, must be considered. An inertial navigation 
System should be used on the first ships of a 
fleet. Several high accuracy systems are avail- 
able which satisfy the navigation function of the 
submarine tanker. Assessing requirements for and 
developments in navigational equipment is always 

@ continuing effort. 


For piloting in confined waters of straits and 
sounds, some method of determining the ship's 
position very precisely with respect to shoals, 
under ice ridging, icebergs andother obstructions, 
must be considered. An acoustic system using 
today's advanced technology is logically used for 
this function. Figure'7 illustrates the various 
types of sonar apparatus that would be used and 
the type of information they would relate to the 
submarine operator. This equipment is essential 
in determining a safe path in the vertical 
dimension. 


For transiting a restricted passage or for approach | 
to a submerged loading terminal, the use of self. | 
powered transponder beacons is planned. Range ang | 
bearing can be obtained from such devices. 


Regulatory Considerations 


The submarine tanker design and the subsea system 
program must be pursued with full realization anq 
understanding of the status of rules and regulation 
concerning submersibles. This regulatory matter 
must be faced up to when this or any commercial 
submarine program becomes a financial/business 
reality. 


An example of an obvious conflict with present 
regulations promulgated for surface ships is 
thought provoking: 


1. International Load Line Convention - a require- 
ment for established load line and minimum 
freeboard assignment. 


THE SUBMARINE TRANSPORTATION SYSTEM 


The marine industry is becoming increasingly aware 
of the advantages of total transportation system 
concepts where the ship is one element in the total 
system. The application of particular types of 
vessels over specific routes, handling 4 particular 
kind of cargo - like containers - with special 
terminal and port facilities designed for high 
utilization and minimum in-port turn-around time, 
are examples of this. An Arctic marine system, 
particularly a subsea system, is probably more 
dependent for success on sound engineering of the 
total system than many others. 


Faced with the requirement to move large quantities 
of petroleum from Arctic regions to ice-free North 
Atlantic ports and the hostile environment to be 
engaged by a transportation system, suitable and 
economic solutions to several related problems 
must be found if the system is to be viable. 
Typical of these are: 


Route Analysis 
Terminal Considerations 
Operation and Control 
Environmental Impact 


Route Analysis 


Figure 8 shows the various oil transportation 
route alternatives having received prime con- 
sideration for moving Alaskan North Slope crude. 
These routes assume the principal market area to 
be in the vicinity of Philadelphia, since it is the 
East Coast refinery center. Transportation methods 
employ pipelines, surface tankers, or submarine 
and/or combinations of these modes. The route via 
the Northwest Passage and down to the East Coast 
has received special attention by the marine sys- 
tem interests. 


For submarine transportation of Alaskan oil, pro- 
jected routes are illustrated by Figure 9. Three 
(3) alternatives are shown: one via the Northwest 
Passage to a transshipment port in Southwest 
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greenland; over the geographical pole to a trans- 
shipment point in Iceland; and a third alternative, 
yia the Northwest Passage or over the geographical 
je to Newfoundland. A significant portion of all 
routes are identified as having ice cover the year 


round. 


There is incentive to consider Newfoundland as a 
transshipment point even though this adds 1100 miles 
of predominantly open water to the route distance; 
that is the existence of a tanker terminal (under 
construction) suitable for docking 250,000 DWT 
yessels. Transshipping to surface tankers of any 
size could be accomplished at these facilities. 


Jt can be concluded that all three (3) route alter- 
natives are feasible; which is most advantageous 

in the subsea system is a question of relative 
}economics. The actual choice relates importantly 
to navigation and piloting. The polar route pre- 
sents no problems but the Northwest Passage re- 
iquires particular attention to piloting in the 
Barrow Strait. 
}The flexibility of the submarine tanker, as regards 
ithe Arctic Islands and Northern Europe, is inter- 
lesting to examine. These are reportedly high ex- 
ipectations that large quantities of oil will be 
‘found in these islands. The passages between 

‘these islands are, for the most part, quite deep 
and present rather difficult pipelaying problems. 
However, submarine tankers would be able to 
japproach quite close to the islands - much closer 
to the shore, in fact, than they can off Prudhoe 
Bay, Alaska. The submarine tanker provides a 
readily available means for moving oil directly 
jJacross the top of the world to Northern Europe 
using routes illustrated in Figure 10. It is only 
2375 miles from Herschel Island near the Mackenzie 
\Delta, directly across to Norway. The deep 

fjords in Norway provide quite suitable places 

for unloading or transshipment operations. Examina 
tion of the date available that relates to the 
possibility of navigation of the passages through 
and around these islands succeeds in identifying 
only some relatively small areas where the informa- 
tion is insufficient to make a reasonable judgment. 
\ conclusion is that submarines would be useful 
throughout most of the region. 


Terminal Considerations 


{n a tanker transportation system, rapid, efficient 
loading and unloading with quick turn-around is 
vital. It is generally accepted to be accomplished 
vithout technical difficulty in a temperate loca- 
sion but providing a reliable and effective load- 
ing means in the Arctic presents a real challenge 
\f not a problem of some magnitude. 


}n considering this problem, use of a submarine 
canker presents an option not available to the 
burface vessel. It can be loaded underwater as 
well as on the surface. Engineering studies of 
oth surface and subsea loading have concluded 
shat subsea is clearly advantageous because the 
iostile environment above the air/water interface 
|S not challenged throughout the life of the system 


ae 


and estimates indicate lower capital investment 
requirements. 


Several types of submerged loading pads can be 
built in a temperate area, then towed to the site 
and submerged. Oil transfer piping from the beach 
might be similar to pipelines in offshore pro- 
ducing areas; however, by no means as simple. The 
major difficulty and the major cost for this scheme 
is laying the pipes from the producing area to an 
offshore site. 


A "ring landing" concept, one of several submerged 
loading concepts developed in a study of positive 
buoyancy docking and negatively buoyant landing 
techniques, is shown in Figure ll. It offers the 
least control problems during approach and land- 
ing. This system is one which will allow the ship 
to be negatively biased (negatively buoyant) by 
1250 long tons while it is in the moor transferring 
cargo. It is the most effective concept for fix- 
ing a negatively buoyant submarine tanker to the 
bottom during cargo transfer operations. . The 
concept provides for omnidirectional approach, 
positive positioning of the ship by anchors with 
assistance from thrusters and a minimum docking 

and landing time. It also provides for restraining 
the tanker in the event the bias force becomes 
positive, thus increasing the total bias range 
capability of the system. 


Operation and Control 


Operation and control considerations pertain to 
the individual vessels as well as to the whole 
system. 


Considering the individual vessels, reliable 
operation is a matter of quality equipment com- 
bined with rigorous operator qualification and 
training. Because a submarine, when submerged, 
is essentially blind, it has always operated "on 
instruments". Only one operating standard is 
acceptable - the best that can be attained. 
Operation is characterized not only by top 
qualifications, training, and equipment, but by 
constant vigilance. No less important is the 
contribution of the submarine designer to re- 
liable operation. The naval architect, in per- 
formance of normal function in submarine design, 
supports the operator by comprehensive study of a 
spectrum of possible casualties - from defining 
credible accidents to procedures for recovery 
from flooding, overshoot, or control surface jamb. 


Considering the system as a whole, control of the 
scheduling and operation of the individual vessels 
is necessary. To reach the contemplated through- 
put of 1,800,000 barrels per day with 170,000 DwT 
capacity vessels, eighteen (18) are required. How- 
ever, using a 250,000 DWT capacity vessel sailing 
every day, thirteen (13) of this size would be 
necessary if southwestern Greenland is used as 

the transshipment point. On any day, one vessel 
could be loading, one unloading, and the rest in 
transit. Frequent passing would occur. In the 
Northwest Passage, here eastbound and westbound 
tracks would be necessary as would be reliable 
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position information and communication. The pass- 
age is suitable for establishing tracks, and the 
position monitoring and communication techniques 
are within the state of existing art. Some central 
traffic control function is deemed necessary. 
Random sailings and transiting of individual 
vessels present and unnecessary risk. It is our 
opinion that one entity should provide and operate 
this system to service all Arctic oil marine trans- 
portation needs. 


Environmental Impact 


Progress on the ALYESKA pipeline over the past 

year drives home the significance of environmental 
considerations in Arctic oil transportation. As 

an example of the Canadian Government concern with 
the Arctic ecology, the House of Commons of Canada 
passed an Act, Bill C-202, to prevent pollution of 
areas of the Arctic waters adjacent to the main- 
land and islands of the Canadian Arctic. The 
Canadian Department of Transport has already pre- 
sented pollution regulations, for industry and 
public discussion. The impact of the above re- 
gulations and those which may be promulgated by U.S. 
Agencies must yet be assessed by the marine shipping 
interests. 


The problem posed by a massive oil spill froma 
tanker in Arctic seas is at least as great as that 
from a pipeline rupture. The process of bio- 
degradation of oil that occurs in warmer seas 

would be very slow if it occurred at all. It must 
be assumed then that oil from such a spill will 
reside in the local for extremely long periods of 
time and, lacking a scientific basis for evaluating 
the effects can only be speculatively assessed. 


In moving oil, a submarine tanker is considered to 
present less of a hazard to Arctic's environment 
primarily because it avoids the threat of rupture 
by sailing below and clear of the sea ice. The 
possibility of a catastrophe, such as striking 
submerged obstructions or a collision with other 
submersibles is acknowledged. The probability is 
minimal by virture of the reliability inherent in 
systems and equipment of the crew which is char- 
acteristic of submarines. The probability of a 
mishap occurring with any transportation system 
cannot be reduced to zero unless the oil isn't 
moved at all. 


COMPARATIVE ECONOMICS 


Comparison of the economic merits of subsea trans- 
portation with other alternatives requires a com- 
plex spiral of iterations using facts, estimates, 
and engineering judgment. It requires constant 
update of the variables and must be carried out in 
parallel with the engineering phases. For the 
purposes of this paper, relative costs or returns 
are adequate and appropriate. 


To assure that the economic viability of the sub- 
sea system was maintained along with confidence in 
the technical feasibility of the system, a two-step 
analysis was conducted. The initial effort de- 


-6= 


veloped a simplified cost comparison of alter- 
native systems operating at maximum throughput. 
In addition to answering the question of the con- 
petitive status of the submarine, the sensitivity 
of transportation costs to the vessel costs 
remained of interest. The second and follow-on 
effort was to make a return on investment analy- 
sis of a postulated transportation venture, rea- 
listically accounting for time phasing of con- 
struction and of investment, the time value of 
money at current interest rates, escalation in 
labor and material costs and considering all of 
the practical aspects of a business operation. 


Parametric Cost Comparison 


Figure 12 graphically represents the results of 
the initial cost comparison of icebreaking tankers 
and submarines. The parametric curves show the 
relationship between acquisition cost, average 
cruising speed through the ice fields and trans- 
portation costs per barrel for 250,000 DWT ice- 
breaking super tankers and both 170,000 and 
250,000 DWT submarine tankers. 


The figure may be scrutinized after discussion 
or assumptions and qualifications used. They 
are as follows: 

1. Marine transportation costs only are con- 
sidered. 

2. No provision is 
of fixed assets 
or construction 


included for capital recovery 
such as terminal installations 
and repair facilities. 


3., The icebreaking 
to Delaware Bay 
at 19 knots. 


tanker operates all the way 
running, when clear of ice, 


The submarine analyses are based on trans- 
shipment at an ice-free port in southwestern 
Greenland or Iceland. To make results directly 
comparable, a per barrel charge that would be 
representative for a large U.S. Flag tanker 
carrying the oil the rest of the way to 
Delaware Bay is used. 


A range of acquisition costs is shown. This 
is because of the many factors which make 
the cost of vessels extremely difficult to 
estimate precisely such as the number of 
vessels to be built, on what schedule, and 
the effect of inflation (escalated costs). 


A range of speeds is shown to illustrate the 
sensitivity of each system to this factor 
and to be certain that any reduction that 
might be necessary as a result of unforeseen 
conditions could be evaluated. 


What this comparison is purported to show is that 
the icebreaking tanker and the smaller submarine 
approach economic parity and the larger submarine 
projects lower transportation costs per barrel. 
Note that the unit capital cost of a submarine 

is nearly twice that of the icebreaking tanker, 
yet the cost per barrel is clearly competitive 
with the 170,000 DWT submarines and slightly 
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lower for the 250,000 DWT vessel. This is attri- 
puted to the higher speed that can be maintained 
which fully compensates for the higher capital 
costs. 


Return on Investment Analysis 


Realistic appraisal of the various candidate 
systems and their economics brings to light the 
magnitude of the financial undertaking. The 
transport of Alaskan oil to the U.S. East Coast 
appears to call for a large transport entity, 
far beyond the capability of one oil company or 
operator. 


It became increasingly apparent that a unified 
system was the only approach to the problem, 
particularly as it could involve the operation 
of nuclear powered ships requiring careful con- 
trol of crew training and discipline, to say 

nothing of the large amounts of capital invest- 
ment involved. 


Accordingly, to assess the economics of a unified 
submarine tanker system, considering all the 
realities of the business world, a transportation 
company that would build and operate the subsea 
system was postulated 


In this evaluation method, a consolidated cor- 
porated "Arctic Transport, Inc." was financially 
modelled using a computer program established for 
performing the complete set of financial calcula- 
tions necessary to evaluate sensitivity of in- 
vestment return to the many variables and return 
on investment of an oil transportation system 
venture. 


The company, mathematically modelled, would 
undertake to build, own, and operate a fleet of 
tankers together with terminals and construction 
and repair facilities. The corporate overall life 
covers 25 years. The program accommodates the 
time phasing of the construction of vessels, of 
terminals and transshipment facilities. It 
accounts for escalation in the construction cost 
of the vessels and in operating, repair and upkeep 
cost through the life of the system. Investment 
in facilities needed to construct the vessels, 

as well as investment in the Arctic terminal and 
the transshipment terminal, are included. Time 
factors affecting throughput, such as time out 

of service for annual inspection and upkeep and 
for refueling of the nuclear plants were accounted 
for. All one-time costs, such as design of the 
system, were fully amortized. For each condi- 
tion studied, a year-by-year balance sheet, profit 
and loss statement, cash flow statement and after 
tax discounted cash flow return on investment 
determination are provided. The results of this 
analysis for both the 250,000 DWT submarine 

tanker system and for the ice-breaking surface 
tanker are plotted in Figure 13. In-house esti- 
mates are the basis for cost and speed, The ROI 
scale is relative even though left blank for 
competitive reasons, but the result is a viable 
return and a clear superior financial position 
for the submarine tanker. 


Relative Sensitivity of the Variables 


One important analysis is to determine the 
sensitivity of ROI to changes in the variables. 
Note Figure 14; it is not unexpected that 
revenue (charge per barrel of oil delivered), 
speed, and utilization are most significant in 
terms of a percent change in these variables 
producing a percent change in ROI by approxi- 
mately the same magnitude. It is interesting 
how insensitive return on investment is to in- 
vestment in terminals and construction facilities 
It can be deduced that additional investment in 
shipyard construction facilities and terminals 
which results in correspondingly lower ship 
acquisition costs would be encouraged. 


Some other variations of input change the ROI 
as follows: 


a) Reductions in speed have a drastic 
effect since this equates to through- 
put. Each l-knot difference equals 
0.7% change in ROI. 

b) Keeping the submarine in service for 
the maximum number of days per year 
is likewise important since a loss of 
10 days on average utilization over a 
long period equals 0.5% change in ROI. 
Terminal costs and shipyard facility 
costs are not influential but for 
every $20 million difference in ship 
acquisition costs, the ROI goes up 
almost one percentage point. 


SUMMARY AND CONSLUSIONS 


An overview of the concept of a subsea trans- 
portation system shows the ship as a subsystem 
whose function, in this case, is to move oil 
cargo of water, rather than an economic entity 
in itself. 


While the ship as a subsystem is offered with 
complete confidence, others in the subsystems 
category must be qualified as highly feasible. 

A case in point would be the underwater terminal 
concepts which must have the benefit of on-site 
engineering surveys to confirm sparse data avail- 
able prior to completing final engineering. 


Conclusions 


A nuclear powered submarine is not a concept 
but is an entirely practical and reliable 
means for transport of crude oil from Alaskan 
and Canadian Arctic regions to the North 
Atlantic. Its design and construction is 
within the present state of the engineering 
art. 


Submarine operating feasibility under Arctic 
ice has been demonstrated as reliable and 
safe; as witness, the military submarine and 
the research submarine "Pisces". A claim 
for the subsea system is reliable and pre- 
dictable schedules on a year-round basis. 
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SUBSEA TRANSPORT OF ARCTIC OIL 


The submarine possesses the inherent feasi- 
bility of a marine system and, in addition, 
it is capable of being loaded either on the 
surface or submerged. Routes can be adjusted 
as required to service new Arctic oil dis- 
coveries. The submarine may be especially 
advantageous for moving oil from the Canadian 
Arctic islands should oil be found in quantity 
there. 


4. Economic studies continue to uphold the con- 
viction that the submarine tanker is a viable 
and attractive means for transportating crude 
oil from the Western Arctic to North Atlantic 
ports. Further, it appears that lower costs 
for moving Arctic oil can be achieved than 
with alternate systems. 


5. It is suggested that the subsea system may be 
a strong contender as a second generation 
Arctic oil transportation system. Adoption of 
a@ subsea system is dependent upon several 
Significant factors. For example: 


a) The size and location of additional oil 
discoveries in the Arctic. 

b) An economic environment that provides 
an incentive for continued development 
of Arctic oil reserves. 
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CRUDE THROUGHPUT TO U.S. EAST COAST 
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FIG. 2 PROJECTION OF ALASKAN NORTH SLOPE CRUDE 
DIVERTED TO EAST CONT MARKET 
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Figure 4 - Model of Structural Section, 170,000 DWT Submarine Tanker 
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Figure 5 - Schematic Sectional Views Showing Oil Cargo and Ballast Locations 
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Figure 6 - Schematic Diagram - Cargo, Variable Cargo 
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FIGURE 9 PROPOSED ROUTES - ‘SUBMARINE TANKER 
ALASKA TO EASTERN TRANSHIPPING PORT 
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FIGURE 10 POSSIBLE F ROUTES — SUBMARINE TANKER 
CANADIAN OIL TO EUROPEAN MARKETS 
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Figure 11 


MARINE TRANSPORTATION COST 
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FIGURE 12 PARAMETRIC CURVES COMPARING TRANSPORTATION COSTS 
SUBMARINES VS ICEBREAKING TANKERS 
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FIGURE 13 RELATIVE REVENUE SENSITIVITY 
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Figure 14 - Sensitivity to Change in Variables 
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TABLE I 


ALASKA'S CRUDE OUTPUT AND RECOVERABLE RESERVES 


! 
Potential Daily Average Withdrawal Rate PET 
Recoverable Over Projected Life of Reserves em 
(Billion bb1) (vbl/day in millions ) 
25 years 30 years 
20 ana 1.8 1 
; 
30 ates! nT, } 
oO Wey 3.6 A 
TABLE II 


PRINCIPAL CHARACTERISTICS FOR 


170,000 DWT and 250,000 DWI SUBMARINE TANKERS 


SCRANTON AAP IIE NDE SCOP aps tant 


Normal Operating Depth 


170,000 DWT 250,000 DWT 

Length between Perpendiculars 900 Ft. 1,020 Ft. 
Beam, Molded 140 Ft. 170 Ft. 
At Stern Planes 180 Ft. 220 Ft. 
Depth, Hull at Side 65 Ft. 90 Ft. 
At Hull Centerline 88 Ft. 93 Ft. 6 In. | 
Cargo Deadweight Gross 172,200 L.T. Gross 255,380 L.T. . 
Displacement i 
Full-Load Surfaced 240,100 L.T.S.W. 353,200 L.T.S.W. | 
Light Ship 67,900 L.T.S.W. 94,900 L.T.S.W. [ 
Submerged 254,500 L.T.S.W. 370,000 L.T.S.W. 
Draft, Full Load Surfaced | SLAF. 85 Ft. 
Light Ship Mean 24 Ft. ) Mean 24 Ft. 

~ Minimum Cargo Density 53.6 Lb/Ft3 ! 53.6 Lb/Ft3 : 
Crew, Accommodations For 49 4g : 
Reactor Plant ; 250 Mw Thermal PWR 250 Mw Thermal PWR 
Propulsion Steam Turbine - Geared ‘ Steam Turbine - Geared | 
Propellers Two, 26 Ft. dia., 105 RPM Two, 26 Ft. dia., 105 RPM | 
Shaft Horsepower - . 75,000 at Thrust Bearing 75,000 at Thrust Bearing | 
Speed 
Trial (at Max. SHP) 19.4 Kts. 17.3 Kts. | 
Service, Max. | 19.0 Kts. «16.9 Kts. 
Design Depth, Max. 1,000 Ft. 1,000 Ft. } 
400 Ft. 400 Ft. | 
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